The purpose of this study was to quantitatively assess the relationship between therapy-induced changes in left ventricular (LV) remodeling and longer-term outcomes in patients with left ventricular dysfunction (LVD).
Background
Whether therapy-induced changes in left ventricular ejection fraction (LVEF), end-diastolic volume (EDV), and end-systolic volume (ESV) are predictors of mortality in patients with LVD is not established.
Methods
Searches for randomized controlled trials (RCTs) were conducted to identify drug or device therapies for which an effect on mortality in patients with LVD was studied in at least 1 RCT of Ն500 patients (mortality trials). Then, all RCTs involving those therapies were identified in patients with LVD that described changes in LVEF and/or volumes over time (remodeling trials). We examined whether the magnitude of remodeling effects is associated with the odds ratios for death across all therapies or associated with whether the odds ratio for mortality was favorable, neutral, or adverse (i.e., statistically significantly decreased, nonsignificant, or statistically significantly increased odds for mortality, respectively).
Results
Included were 30 mortality trials of 25 drug/device therapies (n ϭ 69,766 patients; median follow-up 17 months) and 88 remodeling trials of the same therapies (n ϭ 19,921 patients; median follow-up 6 months). The odds ratio for death in the mortality trials was correlated with drug/device effects on LVEF (r ϭ Ϫ0.51, p Ͻ 0.001), EDV (r ϭ 0.44, p ϭ 0.002), and ESV (r ϭ 0.48, p ϭ 0.002). In (ordinal) logistic regressions, the odds for neutral or favorable effects in the mortality RCTs increased with mean increases in LVEF and with mean decreases in EDV and ESV in the remodeling trials.
Conclusions
In patients with LVD, short-term trial-level therapeutic effects of a drug or device on LV remodeling are associated with longer-term trial-level effects on mortality. While the past 2 decades have seen important advances in therapies for heart failure (HF) (1) , there have also been some promising agents-endothelin antagonists (2, 3) , cytokine inhibitors (4) , and vasopeptidase inhibitors (5,6)-developed through phase 3 clinical testing only to yield negative or neutral results. Because phase 3 trials are by far the most costly and time-consuming phase of drug development, minimization of potential negative or null results is important for the development of new therapies. Thus, it would be very helpful to obtain an early signal of clinical efficacy in the context of shorter, smaller phase 2 trials. Assessment of ventricular remodeling (i.e., characteristic changes in ventricular volume and wall thickness and shape) is often referred to as a potential surrogate end point for drug or device effects on HF outcomes (1, 7) . Left ventricular end-diastolic volume (EDV) and end-systolic volume (ESV) (8) , dimensions (9, 10) , and left ventricular ejection fraction (LVEF) (11) (12) (13) (14) are each prognostic when measured at 1 point in time for subsequent mortality risk.
Moreover, data from some HF trials of individual therapeutic agents suggest a relation between a drug or device effect on remodeling and the therapeutic effect on natural history outcome (9, 10, 15) . How well therapy-induced changes in these parameters predict therapeutic benefit in mortality outcomes, independent of an individual therapy, has not been quantitatively assessed. Herein, we systematically evaluate the degree to which therapy-induced changes in 3 measures often assessed in remodeling studies (LVEF, EDV, and ESV) are associated with therapeutic effect on mortality outcomes in phase 3 clinical trials in patients with HF and left ventricular dysfunction (LVD).
Methods
General approach. Ideally, the assessment of the relation between the effect of a therapy on remodeling and its effect on mortality would be evaluated in large adequately powered outcome trials, in which all of the patients also had early assessment of remodeling by noninvasive imaging. However, given the expense and complexity of imaging in such a setting, very few trials have included measures of remodeling in all patients, with some exceptions (3,16 -19) . More often, remodeling is assessed in a substudy population selected from the overall population sample of a trial (20 -25) or hypotheses are formed based on the results of outcome studies along with smaller remodeling studies from distinct samples of patients (26) . We initially identified from the literature drugs or devices for HF patients that were studied in large randomized controlled trials (RCTs) evaluating mortality. Then, we systematically identified from the published literature effects of those drugs and devices on remodeling parameters from imaging studies, and examined associations between trial-level (mean) changes in the remodeling outcome and effects on mortality with the same drug or device. Identification of eligible interventions. We first performed a systematic literature search to identify all drug and device therapies for patients with LVD, for which mortality was evaluated in at least 1 large placebo-controlled RCT with adequate follow-up. For all treatments identified in this set of RCTs (subsequently referred to as "mortality" RCTs), we systematically identified all published placebocontrolled RCTs describing the effects of those treatments on parameters of LV remodeling (subsequently referred to as "remodeling" trials). Search strategy. We performed several incremental and overlapping MEDLINE searches (covering January 1966 through April 16, 2007) using the keywords "heart failure" and "double-blind" and "placebo." We first identified qualifying mortality trials that identified the interventions for which a search for remodeling trials was required. The search strategy for the remodeling trials was performed in 2 steps (1966 to 1999 [27] and January 1, 1999, to April 16, 2007) . We limited searches to English language peerreviewed publications on human subjects. Double-blind analysis was a requisite for all studies, except for the device trials.
Thorough examination of citation lists from all retrieved studies, meta-analyses and review articles was conducted to identify additional relevant publications. We complemented searches with input from field experts. Only published studies in peer-reviewed journals were included. Care was taken to include only the most recent or most complete data in the case of overlapping and duplicated data sets. Data from review articles, case reports, abstracts, reports of trial presentations at conferences, and data from letters were not included. Eligibility criteria. All included trials were English language, double-blind (except device trials), randomized, placebo-controlled trials on human subjects with LVEF Յ45%. For mortality trials, we prospectively required at least 500 patients and at least 6 months of follow-up for eligibility. For remodeling trials, we required the measurement of at least 1 measure of ventricular remodeling (LVEF, volume, or dimension) in active drug and placebo groups over a period of at least 4 weeks, an arbitrary cut-point meant to eliminate very short-term studies of acute effects. There was no minimum sample size for the remodeling trials. Data extraction. A single investigator (D.G.K.) extracted data on pre-constructed paper forms, receiving input from an experienced methodologist when needed. Information on the publication, the active intervention, and patient characteristics from each trial were extracted. Mean follow-up duration and the number of patients enrolled and analyzed per study arm were recorded.
For each arm in the mortality trials, the number of deaths from all causes was extracted. For the remodeling trials, we recorded information necessary to calculate the mean net difference in LVEF, EDV, ESV, or dimensions over time across the compared randomized arms (28) . Typically, this involved recording the means and standard deviations of the pertinent measures before and after treatment. Calculation of trial-level (mean) effects on mortality and remodeling outcomes. For each intervention, we calculated the odds ratio (OR) for long-term all-cause mortality. When multiple studies existed, we derived summary effects using standard meta-analysis, the Mantel-Haenszel method for 2 studies (29) and the DerSimonian and Laird random effects method for Ն3 studies (30) . We tested for heterogeneity with the Q statistic (considered significant for p Ͻ 0.10) (31) and calculated its extent with I 2 (32 expresses the proportion of between-study variability that is attributed to heterogeneity rather than chance, with values Ͼ50% indicating high heterogeneity (33) . From each remodeling trial, we calculated the mean net difference of the change in the LVEF, EDV, and ESV over time between intervention and placebo groups. As described in the following text under "Correlation and regression analyses," main analyses considered effects from the remodeling trials separately. To be inclusive of as much extant published data as possible, we prospectively elected to also include data from studies that published results of LV dimensions instead of calculated LV volumes. For remodeling trials that reported only LV dimensions, we transformed mean changes (and variances thereof) in LV dimensions to the corresponding mean changes (and variances) of LV volumes, by using the delta method (34) and the Teicholtz formula (35) . Similarly, mean changes (and variances) in LV ESV and EDV indices were transformed to LV volumes using the Mosteller formula for the body surface area (36) and assuming a height of 1.70 m and a weight of 75 kg. The latter are approximates of the median sex-averaged values in the U.S. population aged similarly to the mean ages in our eligible studies (37) . Results were not sensitive to small perturbations in these somatometric assumptions (data not shown). We assessed the validity of the transformations in 5 studies reporting 8 pairs of mean changes both in diameters/indices and in volumes. Discrepancies between the estimated (transformed) and actual mean changes were Ͼ10 ml in 4 measurements (maximum discrepancy approximately 25 ml in EDV). The transformed values were less extreme than the actual values in 7 of 8 pairs and always smaller than 10 ml. This finding suggests that the transformations bias findings toward the null. Correlation and regression analyses. For each of the 3 remodeling outcomes (LVEF, EDV, and ESV), main analyses were performed in 3 steps. All main analyses were unadjusted and considered remodeling effects from trials on the same intervention separately. First, we calculated unweighted Spearman correlations between the trial-level remodeling effects and the corresponding summary OR for mortality. These analyses are largely descriptive as they do not account for the statistical errors that accompany the mortality and remodeling effect estimates.
Second, we explored whether there is a simple linear relationship between the log-transformed OR for mortality and the magnitude of the remodeling effects using a general linear model that accounts for heteroskedasticity in the dependent variable (inverse variance weighting) and the clustering of observations by intervention (with robust standard error estimation). This analysis yields the relative OR for mortality per given change in the remodeling parameter.
Third, we examined with logistic and ordinal logistic regressions whether remodeling outcomes can predict whether the OR for mortality was favorable, neutral, or adverse (i.e., statistically significantly decreased, nonsignificant, or statistically significantly increased odds for mortality, respectively) with the corresponding intervention. An intervention was considered to have a favorable mortality effect if the upper bound of the 95% confidence interval (CI) of the OR was Ͻ1, a neutral mortality effect if the 95% CI of the OR included 1, and an adverse mortality effect if the lower bound of the 95% CI of the OR was Ͼ1. Again, we used inverse variance weighting and accounted for clustering of observations by intervention with robust standard error estimation. This alternative analysis categorizes the effect on mortality into 3 ordinal categories, and informs on the ability of short-term remodeling outcomes to predict effects on mortality in larger trials.
For illustrative purposes, we plotted predicted probabilities for favorable, neutral, or adverse effects on mortality for different magnitudes of remodeling effects, and produced receiver-operating characteristic (ROC) curves. The area under the ROC curve (AUC) is a simple measure of the discriminatory ability of the mean change in the remodeling outcomes to predict mortality. It represents the percentage of all possible discordant pairs of interventions discordant for their mortality effects in which the variable (change in LVEF, EDV, or ESV, respectively) and correctly assigns a higher probability of mortality benefit to the intervention that actually demonstrated benefit. An AUC value of 0.5 implies no discriminatory ability, and an AUC value of 1.0 implies perfect discrimination. Sensitivity analyses. In sensitivity analyses, regressions were adjusted for the mean value of the remodeling outcome at baseline and for follow-up duration. We also repeated all regression analyses using unweighted regressions, and after eliminating the shorter-term remodeling studies (Ͻ12 weeks of follow-up). We performed main analyses excluding studies where we calculated values of changes in ESV and EDV from results on diameters or indices. Finally, additional sensitivity analyses used the meta-analysis-derived summary effect size of all remodeling trials within each drug/device intervention, rather than considering remodeling trials separately (as was done in the main analyses).
All analyses and graphs were performed in Stata SE version 11 (Stata Corp., College Station, Texas) and in Meta-Analyst (Tufts Evidence-based Practice Center, 2009). Unless otherwise stated, all p values are 2-tailed and considered significant at the 0.05 level.
Results
Results of search algorithms. The search algorithm yielded 1,992 citations, and 248 articles were retrieved and reviewed in full text. In total, 117 nonoverlapping RCT reports were eligible. We identified 30 large RCTs describing the effects of 25 different interventions on mortality (Fig. 1A ) that reported on a total of 69,766 patients over a median follow-up of 17 months. For each individual drug/ device intervention for which a mortality trial had been identified, we identified between 1 and 22 remodeling trials.
There were 88 remodeling RCTs evaluating 91 distinct drug or device versus placebo comparisons, involving 19,921 patients with median follow-up of 6 months (Fig. 1B) . Four of the 30 mortality trials reported serial measurements of remodeling parameters of all patients and, therefore, also qualified as remodeling trials (16, 17, 19, 38) , whereas 11 other remodeling trials were substudies of 1 of the mortality RCTs (20 -22,25,39 -45) . To assess remodeling, 39 trials employed radionuclide ventriculography, 32 utilized 2-dimensional echocardiography, and 3 utilized magnetic resonance imaging. Fourteen studies used a combination of radionuclide ventriculography and 2-dimensional echocardiography. Effect on drug or device therapies on mortality. Table 1 describes the effects of the 25 distinct drug/device therapies on mortality (4,16 -19,44,46 -67) . Nine, 12, and 4 interventions had significantly favorable, neutral, and significantly adverse effects on mortality, respectively, in the identified trials. The mortality trials included predominantly male patients (81% on average) with mean ages between 57 and 67 years (median age 63 years). Mean New York Heart Association (NYHA) HF functional class was 2.7 (interquartile range [IQR] 0.7). The median number of patients per individual drug/device intervention was 2,345 (IQR 2,328). The 30 trials followed up patients for a median of 17 months. Two (6%) of the trials evaluated patients with LVD after an acute myocardial infarction; the remaining 29 (94%) trials evaluated patients with chronic HF and LVD.
Of note, we chose to evaluate the use of enalapril to treat asymptomatic LV dysfunction as a separate entity, as this was the only trial in which all of the patients studied had NYHA functional class I HF (57). Effect on drug or device therapies on remodeling. We identified 88 remodeling RCTs that included a total of 19,741 patients (median 53 patients per trial; IQR 133) in which the effect of the 25 drug or device therapies (identified from the mortality trials) on remodeling was evaluated. The majority (n ϭ 85 trials) were parallel arm trials, whereas the remaining 3 trials examined 2 separate drugs versus a single placebo arm. The remodeling trials included predominantly male patients (Ͼ57% in all trials), with mean ages between 45 and 71 years (median 60 years). Mean NYHA HF functional class was 2.5 (IQR 0.7). Nine (10%) of the trials evaluated patients with LVD after an acute myocardial infarction; the remaining 82 (90%) trials evaluated patients Kramer et al. July 27, 2010:392-406 Ventricular Remodeling and Ef fects on Mortality with chronic HF. While the average follow-up was 6 months; 81 trials (89%) had a follow-up of Ն12 weeks. Mean changes in the LVEF were extracted from 86 trials. Mean changes in EDV and ESV were extracted from only 14 studies; we calculated mean changes in the EDV and ESV from corresponding changes in diameters or indices in 35 of 49 studies and 26 of 40 studies reporting pertinent data, respectively. Tables 2, 3 , and 4 describe the summary net changes in LVEF, EDV, and ESV for the 25 eligible interventions compared with placebo (16,17,19 -25,38 -45,49,68 -139) . For several interventions, between-study heterogeneity was extensive. Change in LVEF and long-term mortality. Placebocorrected change in LVEF from each individual remodeling trial was plotted against the mortality OR for the specific therapy. There was a significant correlation between shortterm therapeutic effect on LVEF and longer-term therapeutic effect on mortality (r ϭ Ϫ0.51, p Ͻ 0.001) ( Fig. 2A) . Based on the regression analyses, a 5% increase in the mean EF change corresponded to a relative OR of 0.86 (95% CI: 0.77 to 0.96) for mortality, in other words, toward the favorable direction (p ϭ 0.013).
We also evaluated the ability of mean changes in LVEF to categorize interventions as significantly favorable, neutral, and significantly adverse, according to each intervention's effect on mortality. We found a 4.9-fold increase in the odds of having a favorable mortality outcome (95% CI: 1.2 to 20.3, p ϭ 0.029) for every 5% absolute increase in the mean change in the EF (weighted ordinal logistic regression). Figure 2B shows the predicted probabilities for the effect of a given intervention on long-term mortality based on an intervention's average effect on EF. In ROC analysis, the AUC for a drug/device-induced change in LVEF to distinguish favorable from neutral or adverse mortality outcomes was 0.71. Change in LV EDV and long-term mortality. Placebocorrected change in EDV from each individual remodeling trial was plotted against the mortality OR for the specific therapy. There was a significant correlation between effect sizes in the mortality trials and mean therapy-induced changes in EDV (r ϭ 0.44, p ϭ 0.002) (Fig. 3A) . A decrease of 10 ml in the mean change in EDV corresponded to a relative OR of 0.95 for mortality (95% CI: 0.94 to 0.97, p Ͻ 0.001).
A decrease of 10 ml in the mean change of EDV was associated with 1.9-fold (95% CI: 1.2 to 3.2, p ϭ 0.012) increased odds that an intervention would have significantly favorable effects on mortality. Figure 3B shows the predicted probability for therapeutic effects on mortality according to an intervention's average effect on EDV. In ROC analysis, the AUC for a net change in LV EDV to distinguish favorable from neutral or adverse outcome effects of therapies was 0.76. Change in LV ESV and long-term mortality. Placebocorrected change in ESV from each individual remodeling trial was plotted against the mortality OR for the specific therapy. There was a significant correlation between effect sizes in the mortality trials and the effect sizes on ESV in the remodeling studies (r ϭ 0.48, p ϭ 0.002) (Fig. 4A) . A decrease of 10 l in the mean ESV change corresponded to a relative OR of 0.96 for mortality (95% CI: 0.93 to 0.98, p ϭ 0.01).
Logistic regression analyses suggested a significant association between the mean change in ESV due to therapy and effects on mortality, based on a per 10-ml decrease in the mean change in ESV (OR: 0.56, 95% CI: 0.53 to 0.60). Figure 4B shows the predicted probability for favorable effects on mortality according to an intervention's average effect on ESV. In ROC analysis, the AUC to distinguish favorable from neutral or adverse therapies was 0.73. It is noted from Table 4 that there are fewer published data on drug/device effects on ESV compared to data on LVEF or EDV, particularly for interventions that were found to have neutral or adverse mortality effects. For this reason, there was insufficient remodeling data for ESV to model the probability for neutral or adverse outcomes individually. Secondary analyses. Adjustments for the average LVEF, EDV, or ESV at baseline (as applicable in the corresponding analyses) and follow-up duration in the remodeling trials resulted in very similar estimates as the main analysis (data not shown). term remodeling studies (6 studies in which the follow-up was Ͻ12 weeks) resulted in very similar correlation estimates between the mortality OR and the placebo-corrected change in remodeling outcomes, without inferential changes (EF Ϫ0.51, p Ͻ 0.001; EDV 0.40, p ϭ 0.009; ESV 0.44, p ϭ 0.007). Mean changes in EDV and ESV (without transformation from dimensions) were reported only in 14 studies. We calculated mean changes in the EDV from corresponding changes in diameters or indices for 35 of 49 studies, and in ESV for 26 of 40 studies with available data. After excluding studies in which we performed transformations, all results of the ESV and EDV metrics became statistically not significant, with substantial loss of data.
Results similar to the main analysis were seen when we used meta-analysis-derived summary estimates of the effects on LVEF, EDV, and ESV, instead of considering multiple studies on the same intervention separately. However, the correlation between long-term effects on mortality and ESV was no longer significant (p ϭ 0.09).
Discussion
The results of the present study demonstrate a significant association between short-term trial-level therapeutic effects of a drug or device on parameters of LV remodeling and longer-term trial-level therapeutic effects on mortality in LVD. Furthermore, these drug/device-induced changes in ventricular remodeling reflect the probability of a categorical mortality outcome (favorable, neutral, adverse) for those therapies.
Several individual therapeutic agents with favorable effects on remodeling, including angiotensin-converting enzyme inhibitors (20, 42) and beta-adrenergic blockers (85) , are associated with favorable effects on clinical outcomes in HF trials. Conversely, agents such as omapatrilat (5,6) or ibopamine (62,125) with neutral or adverse effects on remodeling relative to a comparator have been found to be associated with neutral or adverse effects on clinical outcomes. In distinct trials, the vasopressin V2-receptor antagonist tolvaptan was shown to have a neutral effect on both ventricular remodeling and long-term clinical outcomes (45, 67) .
Based in part on such data, it is widely conceptualized that ventricular remodeling is biologically related to and involved in the progression of HF (140, 141) . The relationship is not consistently demonstrated, however. Bozkurt et al. (120) showed a dose-dependent reverse remodeling effect over 3 months with etanercept, a cytokine inhibitor. Three years later, a much larger long-term study failed to show any long-term clinical outcome benefit (4). The morbidity and mortality associated with HF result from a multifactorial and complex process unlikely to be wholly captured by change in a single volume measurement or serologic parameter (7, 142) . Although some events that impact clinical course are plausibly related to remodeling (such as hospitalization for HF or risk of sudden death), other mortal events, such as acute myocardial infarction, are likely less related. Thus, the expectation that a single surrogate marker could predict the effects of a drug or device on clinical outcomes with high precision is unrealistic. For this reason, we recognize that the effect of a drug or device on LV remodeling, or on any single parameter for that matter, is unlikely to achieve the level of precision discussed by Prentice (143) Valsartan (38) 1 (5,010) Ϫ0.0 (Ϫ1.5 to 1.4) 78 *Enalapril was examined separately when studied in patients with asymptomatic LVD, as this was the only trial that exclusively examined patients with asymptomatic LVD. †When Ͼ1 trial existed for a specific therapy, meta-analysis was used to calculate the absolute change (⌬) in end-diastolic volume (EDV) compared with placebo (⌬EDV ϭ mean net difference in EDV between intervention and placebo groups:
Abbreviations as in Table 1 . *Enalapril was examined separately when studied in patients with asymptomatic LVD, as this was the only trial that exclusively examined patients with asymptomatic LVD. †When Ͼ1 trial existed for a specific therapy, meta-analysis was used to calculate the absolute change in end-systolic volume (ESV) compared with placebo (⌬ESV ϭ mean net difference in ESV between intervention and placebo groups:
Absolute Effect of Drug/Device on Change in ESV Compared With Placebo
Abbreviations as in Table 1 .
(144) as a valid surrogate marker for mortality in HF. Rather, the data from this analysis suggest that drug/ device effects on remodeling should be viewed as suggestive of the intervention's potential effect on mortality. Given the demonstrated proportional relationship between drug/device effects on short-term ventricular remodeling and long-term mortality, it is reasonable to conclude that the effects of a drug or device on LV remodeling can be taken into consideration during the development process of novel therapeutic agents for HF, in creating a probability signal of the likelihood of a favorable, neutral, or adverse effect of the therapy being investigated on longer-term mortality outcomes. Study limitations. There are important limitations to this analysis. Inherent in this retrospective analysis of prospective studies are both publication bias and selection bias. To Figure 2 Relationship Between Drug/Device Effect on EF and Mortality, and Predicted Probability of Categorical Mortality Outcome Based on Drug/Device Effect on EF (A) Quantitative relationship between drug/device effects on ejection fraction (EF) and mortality: each data point represents a placebo-corrected change in EF from an individual remodeling trial plotted against the mortality odds ratio (OR) for the specific therapy. Color-coded mortality effect based on data from mortality trials listed in Table 1 . Interventions were classified as favorable (blue circles) if the upper limit of the 95% confidence interval (CI) of the OR for death from the mortality trials was Ͻ1, neutral (black circles) if the 95% CI crossed 1, and adverse (red circles) if the lower limit of the 95% CI was Ͼ1. There was a significant correlation between shortterm therapeutic effect on left ventricular EF and longer-term therapeutic effect on mortality (r ϭ Ϫ0.51, p Ͻ 0.001). Remodeling data were derived from analysis of 86 randomized controlled trials (RCTs) of 25 interventions, involving 19,092 patients. (B) Predicted probability of a categorical mortality outcome based on drug/device effect on EF: the lines represent the likelihood of a categorical mortality outcome based on an intervention's trial-level effect on EF compared with placebo (unadjusted, weighted, ordered logistic regression). Color-coded mortality effect based on data from mortality trials listed in Table 1 . Definition of mortality effect for a given intervention as described in A. The graph suggests that if the mean change in EF is 10% in the short-term studies, the probabilities that the long-term mortality studies will be significantly favorable (blue line), neutral (black line), or significantly unfavorable (red line) are approximately 85%, 15%, and 1%, respectively. 399 JACC Vol. 56, No. 5, 2010 Kramer et al. July 27, 2010:392-406 Ventricular Remodeling and Ef fects on Mortality avoid within-trial selection biases, we used only randomized trials that fit rigorous inclusion criteria (recognizing that some potentially relevant works might be excluded from the analysis). Publication bias poses threats to all metaepidemiological studies, including this study. It may be less of a problem for the mortality trials, because large RCTs may be published irrespective of their findings. Even if publication bias is a problem for remodeling trials, it is unclear whether it would affect the associations described, and to which direction. Nonpublication of neutral remodeling trials would have no systematic effect on our results for interventions with a neutral effect on mortality, but it would bias our results away from the null for interventions with adverse or favorable effects on mortality. Moreover, published studies of remodeling are analyses of "completers," that is, patients who have both baseline and final data for Quantitative relationship between drug/device effects on end-diastolic volume (EDV) and mortality: each data point represents a placebo-corrected change in EDV from an individual remodeling trial plotted against the mortality OR for the specific therapy. Color-coded mortality effect based on data from mortality trials listed in Table  1 : favorable (blue circles), neutral (black circles), or adverse (red circles). Definition of mortality effect for a given intervention is as described in Figure 2A . There was a significant correlation between effect sizes in the mortality trials and mean therapy-induced changes in EDV (r ϭ 0.44, p ϭ 0.002). Remodeling data derived from analysis of 50 randomized controlled trials (RCTs) of 19 interventions, including 10,855 total patients. (B) Predicted probability of a categorical mortality outcome based on drug/device effect on EDV: the lines represent the likelihood of a categorical mortality outcome based on an intervention's trial-level effect on EDV compared with placebo (unadjusted, weighted, ordered logistic regression). Color-coded mortality effect based on data from mortality trials listed in Table 1 . Definition of mortality effect for a given intervention is as described in Figure 2A . The graph suggests that if the mean change in EDV is Ϫ10 ml in the short-term studies, the probabilities that the longterm mortality studies will be significantly favorable (blue line), neutral (black line), and significantly unfavorable (red line) is approximately 56%, 43% and 1%, respectively. analysis. It is difficult to predict the effect of the "noncompleters" on the analysis if their information was available. If anything, data from noncompleters would attenuate the average EF, EDV, or ESV changes toward the unfavorable direction. It is likely that this shift would be influential only if a substantial proportion of patients had died in the remodeling studies. The median proportion of deaths in the remodeling studies was 3.6%, (25th and 75th quartiles, 0% Figure 4 Quantitative Relationship Between Drug/Device Effects on ESV and Mortality, and Predicted Probability of Favorable Outcome Based on Drug/Device Effect on ESV (A) Quantitative relationship between drug/device effects on end-systolic volume (ESV) and mortality: each data point represents a placebo-corrected change in ESV from an individual remodeling trial plotted against the mortality OR for the specific therapy. Color-coded mortality effect based on data from mortality trials listed in Table 1 : favorable (blue circles), neutral (black circles), or adverse (red circles). Definition of mortality effect for a given intervention is as described in Figure 2A . There was a significant correlation between effect sizes in the mortality trials and the effect sizes on ESV in the remodeling studies (r ϭ 0.48, p ϭ 0.002). Remodeling data are derived from analysis of 40 randomized controlled trials (RCTs) of 16 interventions, including 5,435 total patients. (B) Predicted probability of a favorable mortality outcome based on drug/device effect on ESV. The blue line represents the likelihood of a favorable mortality outcome based on an intervention's trial-level effect on ESV compared with placebo (unadjusted weighted logistic regression). There was insufficient remodeling data for ESV to model the probability for neutral or adverse outcomes individually. Color-coded mortality effect based on data from mortality trials listed in Table 1 . Definition of mortality effect for a given intervention is as described in Figure 2A . The graph suggests that if the mean change in ESV is ϩ25 ml in the short-term studies, the probability that the long-term mortality studies will be significantly favorable is approximately 20%. This is equivalent to stating that the probability that the long-term mortality studies are neutral or significantly unfavorable is approximately 80% (100% Ϫ 20%).
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Ventricular Remodeling and Ef fects on Mortality and 8.3%, respectively) among 79 trials that report this information. These numbers suggest that the effects of noncompleters on our analyses would not likely be dramatic. Second, most data pertain to EF. We approximated changes in LV volume-related outcomes (EDV, ESV) from data on LV indexes and diameters in the majority of pertinent studies. As discussed in Methods, the concordance of the approximations and the derived data was not good in a small number of examples. All analyses were nonsignificant among the 14 trials that directly reported EDV and ESV measurements, but this could be attributed to substantial loss of statistical power. Therefore, results on LV volumes should be viewed with caution, and there are insufficient data to draw any conclusions regarding which of the parameters in this analysis may best correlate with mortality outcomes. Additionally, most of the trials evaluated remodeling using radionuclide ventriculography or 2-dimensional echocardiography. In clinical practice, 2-dimensional echocardiography, with its inherent limitations, is predominantly utilized. While we recognize that more contemporary techniques, such as 3-dimensional echocardiography, contrast echocardiography, and cardiac magnetic resonance imaging would more precisely measure volumes, these techniques have not as yet been widely deployed for use in multicenter trials, and were not used for the drugs and devices that were included in this analysis.
Third, we grouped results from trials spanning different therapeutic eras and were heterogeneous in their follow-up duration, ranging from 4 weeks to Ͼ1 year. This was expected, as there is no generally established time frame for the ideal assessment of an intervention's effect on ventricular remodeling. External validation is not yet available for these results that represent the current published literature.
Fourth, our analyses are sensitive to confounding and to ecological fallacies. Ideally, we would associate changes in the remodeling outcomes and corresponding changes in the clinical outcomes measured in the same patients. If individual patient data are available, one can use structural equation modeling or path analysis methodologies. If sufficient summary statistics are available, one can use specially developed meta-analytic techniques (145) . However, in most cases, including the current one, such data are not available. We believe that even ecological associations are of interest because they can help formulating hypotheses for further study.
In addition, we acknowledge that our analyses do not prove the validity of remodeling outcomes as surrogate outcomes for mortality in LVD, as defined by others (143, 144) , and indeed, we believe the data suggest that no serum biomarker or cardiac structural marker will do so, given the complexity of the HF syndrome. Rather, the data suggest a quantifiable association of a marker such as remodeling and a longer-term outcome such as mortality, which may be a useful signal in the therapeutic development process. We acknowledge the possibility that there is indeed a stronger relationship between remodeling and mortality, and that the limitations of our approach given the available data obfuscate our ability to discern such a relationship, particularly within an individual intervention. The modest correlation of the remodeling effect of interventions with the mortality effect seen in this analysis is influenced by both the underlying inherent relation between the therapeutic effect on remodeling on mortality, as well as the fact that different interventions will have various proportions of their effect mediated through a remodeling mechanism.
Finally, the analyses of changes in LVEF and volumes reported in the literature and summarized here do not allow a clear distinction between a simple functional change in EF or volumes and a true long-term structural change in the underlying LV architecture resulting from therapy (what would truly be considered remodeling). To assess the latter, a study design needs to include a "withdrawal" study, in which EF and volumes are reassessed after withdrawal of drug or device influence. Some published studies indeed report such results (20, 21, 45) , although the vast majority of remodeling studies do not.
Conclusions
Hence, based on analysis of the current literature investigating patients with LVD, there is a significant correlation and a salient predictability signal between short-term triallevel therapeutic effects on LV remodeling and longer-term trial-level therapeutic effects on mortality. Our findings indicate that the effect of a drug or device on LV remodeling can be viewed as a probability signal of outcome effects of those therapies during the development process of novel therapeutic agents for the treatment of HF, rather than as a precise surrogate. Although no surrogate end point, alone, will ever fully substitute for a mortality assessment, our findings of an increased probability of a survival benefit for an intervention associated with improvements in remodeling parameters imply that the demonstration of favorable remodeling renders a survival signal more credible. Moreover, further development of this dataset may allow for quantitative modeling to predict a new agent's likelihood of mortality benefit given the agent's short-term effect on remodeling parameters. 
